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C.N. Yang Institute for Theoretical Physics, Department of Physics & Astronomy,
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Modeling the nonlinearity of the halo bispectrum remains a major challenge in modern cosmology,
in particular for ongoing and upcoming large-scale structure observations that are performed to study
the inflationary physics. The “power spectrum response” offers a solution for bispectrum in the so-
called squeezed limit, in which one wavenumber is much smaller than the other two. As a first step,
we demonstrate that the halo squeezed-limit bispectrum computed from the second-order standard
perturbation theory agrees precisely with the responses of linear halo power spectrum to large-scale
density and potential fluctuations. Since the halo power spectrum responses to arbitrarily small
scales can straightforwardly be obtained by separate universe simulations, the response approach
provides a novel and powerful technique for modeling the nonlinear halo squeezed-limit bispectrum.
PACS numbers:
I. INTRODUCTION
The squeezed-limit bispectrum that quantifies the correlation between two small-scale modes and one large-
scale mode captures the impact of the large-scale density environment on the small-scale power spectrum. This
coupling between large- and small-scale modes is generated by nonlinear gravitational evolution, and possibly
by the inflationary physics that produces local non-Gaussianity in the primordial curvature perturbation (see
Ref. [1] for a recent review). Measurement of the squeezed-limit bispectrum can thus be used to test our
understanding of gravity and the physics of inflation.
Traditionally the bispectrum is computed with the perturbation theory (see Ref. [2] for a review on standard
perturbation theory (hereafter SPT) and Ref. [3] for a review on effective field theory), in which the matter or
halo density perturbations are expanded in series of the linear Gaussian perturbation, and the n-point function
can be calculated with the Wick’s theorem. A novel and powerful approach to computing the squeezed-limit
bispectrum is to consider how the small-scale power spectrum responds to the large-scale environment [4, 5].
We shall refer it as the “response” approach.
In this paper, we demonstrate that the halo squeezed-limit bispectrum with local primordial non-Gaussianity
can be derived from the responses of halo power spectrum to the large-scale density and potential perturba-
tions. Specifically, we take the SPT framework and consider that halo number density traces the underlying
density and potential fluctuations, ignoring the large-scale tidal field (see Ref. [6] for a recent review). For
simplicity, we assume that the large-scale halo biases are local in Eulerian space, but our derivation can be
generalized to local Lagrangian bias model with the transformation from Lagrangian to Eulerian space (see
e.g. Refs. [7, 8]). Ref. [9] has done a related work to measure how the halo power spectrum responds to a
long-wavelength matter fluctuation in N -body simulations, but we shall make a clearer connection between
the halo squeezed-limit bispectrum and the halo power spectrum response as well as extend to the cosmology
with local primordial non-Gaussianity.
The rest of the paper is organized as follows. In Sec. II we use the SPT to expand the halo number density
fluctuation in series of the underlying density and potential perturbations to the second order, and show the
leading-order halo squeezed-limit bispectrum. In Sec. III we compute the responses of the linear halo power
spectrum to large-scale density and potential perturbations and connect this result to the halo squeezed-limit
bispectrum. We discuss the result and future applications in Sec. IV. In App. A we demonstrate the detailed
derivation of the halo squeezed-limit bispectrum using the second-order SPT.
2II. SECOND-ORDER STANDARD PERTURBATION THEORY
In the peak-background split picture, the long-wavelength perturbations change the local overdensity thresh-
old for halo formation [10]. Therefore, in the large-scale limit, the halo number density is modulated by the
long-wavelength perturbations and can be expanded to the second order as [7, 8, 11]
nh(r|δl, φl) = n¯h(r) +
∂n¯h
∂δl
δl(r) +
∂n¯h
∂φl
φl(r) +
2
2!
∂2n¯h
∂δl∂φl
δl(r)φl(r) +
1
2!
∂2n¯h
∂δ2l
δ2l (r) +
1
2!
∂2n¯h
∂φ2l
φ2l (r) , (1)
where n¯h is the mean halo number density, and δl and φl are linear Gaussian density and potential fluc-
tuations, respectively. For simplicity, in Eq. (1) we neglect 〈δ2l (r)〉, 〈δl(r)φl(r)〉, and 〈φ
2
l (r)〉, which assure
〈nh(r|δl, φl)〉 = n¯h(r), as they only contribute to the k = 0 mode in Fourier space. We consider that φl is the
primordial potential in the matter-dominated epoch, hence it is related to δl by δl(k, a) =M(k, a)φl(k), with
the Poisson operator M(k, a) = 23
D(a)
H2
0
Ωm
k2T (k). Here a is the scale factor, D is the linear growth normalized
to a in the matter-dominated epoch, H0 is the present-day Hubble, Ωm is the present-day fractional energy
density of matter, and T (k) is the matter transfer function [24]. In the following, we shall omit the scale
factor argument for simplicity. Defining the halo bias as
bij =
1
n¯h
∂i+j n¯h
∂δil∂φ
j
l
, (2)
we can write the halo number density fluctuation as
δh(r) =
nh(r|δl, φl)
n¯h
− 1 = b10δl(r) + b01φl(r) + b11δl(r)φl(r) +
b20
2
δ2l (r) +
b02
2
φ2l (r) . (3)
Eq. (2) indicates that the biases are the responses of the halo mass function to the large-scale density or
potential fluctuations. Note that for simplicity we consider both δl and φl are in Eulerian space, hence the
biases are the Eulerian biases. Our derivation can be generalized to the Lagrangian bias model by expanding
δh in Lagrangian space as Eq. (3) and transforming δh to Eulerian space using the conservation of the number
of halos (see e.g. Refs. [7, 8]).
In general, δh traces the underlying nonlinear matter density fluctuation δm and potential fluctuation Φ,
namely
δh(r) = b10δm(r) + b01Φ(r) + b11δm(r)Φ(r) +
b20
2
δ2m(r) +
b02
2
Φ2(r) . (4)
In the presence of the local primordial non-Gaussianity, the potential perturbation is Φ(r) = φl(r)+ fNLφ
2
l (r)
[12], where fNL quantifies the amount of local non-Gaussianity, with fNL = 0 being Gaussian. Using the
Poisson operator, we can compute the matter density up to the second order in Fourier space as
δm(k) = δl(k) + fNLM(k)
∫
d3q
(2pi)3
φl(q)φl(k− q) +
∫
d3q
(2pi)3
δl(q)δl(k − q)F2(q,k− q) , (5)
where the last term of Eq. (5) is due to the nonlinear gravitational evolution with the kernel F2 computed
from SPT. Combining Eqs. (4)–(5), we have the halo number density fluctuation up to the second order in δl
and φl as
δh(k) = b10
[
δl(k) +
∫
d3q
(2pi)3
δl(q)δl(k− q)F2(q,k − q) + fNLM(k)
∫
d3q
(2pi)3
φl(q)φl(k− q)
]
+ b01
[
φl(k) + fNL
∫
d3q
(2pi)3
φl(q)φl(k− q)
]
+ b11
∫
d3q
(2pi)3
δl(q)φl(k − q)
+
b20
2
∫
d3q
(2pi)3
δl(q)δl(k− q) +
b02
2
∫
d3q
(2pi)3
φl(q)φl(k− q) . (6)
3The halo power spectrum and bispectrum are defined as
〈δh(k)δh(k
′)〉 = (2pi)3δD(k+k
′)Phh(k) , 〈δh(k1)δh(k2)δh(k3)〉 = (2pi)
3δD(k1+k2+k3)Bhhh(k1,k2,k3) , (7)
where δD is the Dirac delta function. Inserting Eq. (6) into Eq. (7) as well as using the Wick’s theorem, we
obtain the leading order halo power spectrum as (up to δnφm with n+m = 2)
Phh(k) = b
2
10Pδδ(k) + b
2
01Pφφ(k) + 2b10b01Pδφ(k) , (8)
where Pδδ, Pφφ, and Pδφ are linear density-density, potential-potential, and density-potential power spectra,
respectively. For the halo squeezed-limit bispectrum, we consider the configuration k1 ≈ k2 = k ≫ k3 = kL.
The detailed derivation is given in App. A, and at the leading order we have (up to δnφm with n+m = 4)
Bsqhhh(k1,k2,k3) = b10fδ(k)Pδδ(kL) + b01fφ(k)Pφφ(kL) + [b01fδ(k) + b10fφ(k)]Pδφ(kL) , (9)
where
fδ(k) = 2b10b20Pδδ(k) + b
2
10
[
47
21
−
1
3
d lnPδδ
d ln k
]
Pδδ(k) + 2b10b11Pδφ(k)
+ 2b01b20Pδφ(k) + b10b01
[
47
21
−
1
3
d lnPδδ
d ln k
]
Pδφ(k) + 2b01b11Pφφ(k) , (10)
fφ(k) = 2b10b11Pδδ(k) + 2b01b11Pδφ(k) + 2b10b02Pδφ(k) + 2b01b02Pφφ(k)
+ 4fNLb
2
10Pδδ(k) + 4fNLb
2
01Pφφ(k) + 8fNLb10b01Pδφ(k) . (11)
Eqs (9)–(11) are the primary results in this section, i.e. the halo squeezed-limit bispectrum with primordial
non-Gaussianity derived from the second-order SPT. We shall show in Sec. III that the same result can
be obtained by considering how linear halo power spectrum responds to large-scale density and potential
fluctuations.
III. LINEAR HALO POWER SPECTRUM RESPONSE
Let us now turn to the response approach. In the presence of δl and φl, at the leading order the halo power
spectrum is modulated as
Phh(k|δl, φl) = Phh(k)|δl,φl=0 +
∂Phh(k)
∂δl
∣∣∣∣
δl,φl=0
δl +
∂Phh(k)
∂φl
∣∣∣∣
δl,φl=0
φl , (12)
where Phh(k)|δl,φl=0 is given by Eq. (8), and ∂Phh(k)/∂δl and ∂Phh(k)/∂φl are the responses of the halo
power spectrum to large-scale density and potential perturbations, respectively. Since the squeezed-limit
bispectrum is essentially the coupling between the small-scale power spectrum and its large-scale environment,
we compute the correlation between Phh(k|δl, φl) and the large-scale halo density fluctuation (b10δl + b01φl)
(as the long-wavelength mode k3 in the squeezed-limit bispectrum calculation) and obtain
〈Phh(k|δl, φl)(b10δl+ b01φl)〉 = b10
∂Phh(k)
∂δl
〈δ2l 〉+ b01
∂Phh(k)
∂φl
〈φ2l 〉+
[
b01
∂Phh(k)
∂δl
+ b10
∂Phh(k)
∂φl
]
〈δlφl〉 , (13)
where 〈δ2l 〉 = Pδδ(kL), 〈φ
2
l 〉 = Pφφ(kL), and 〈δlφ〉 = Pδφ(kL) are the large-scale linear power spectra. Note
that Eq. (13) has the same form as Eq. (9).
There are three ways that the halo power spectrum responds to δl and φl. The first way is through the
halo bias, and it can be computed via Eq. (2) as
∂b10
∂δl
= b20 − b
2
10 ,
∂b01
∂φl
= b02 − b
2
01 ,
∂b10
∂φl
=
∂b01
∂δl
= b11 − b10b01 . (14)
4Combining with Eq. (14) with Eq. (8), we have
∂Phh(k)
∂δl
∣∣∣∣
halo
bias
= 2(b10b20 − b
3
10)Pδδ(k) + 2(b20b01 − 2b
2
10b01 + b10b11)Pδφ(k) + 2(b01b11 − b10b
2
01)Pφφ(k) , (15)
∂Phh(k)
∂φl
∣∣∣∣
halo
bias
= 2(b10b11 − b
2
10b01)Pδδ(k) + 2(b01b11 − 2b10b
2
01 + b10b02)Pδφ(k) + 2(b01b02 − b
3
01)Pφφ(k) . (16)
The second way is through the small-scale linear power spectra. For the response to δl, we consider that
the effect is due to nonlinear gravitational evolution, i.e. the squeezed-limit matter bispectrum in the absence
of local primordial non-Gaussianity, hence the potential power spectra do not respond to δl. As a result, at
the leading order we have (see e.g. Refs. [4, 5])
∂Pδδ(k)
∂δl
=
[
47
21
−
1
3
d lnPδδ
d ln k
]
Pδδ(k) ,
∂Pδφ(k)
∂δl
=
1
2
[
47
21
−
1
3
d lnPδδ
d ln k
]
Pδφ(k) ,
∂Pφφ(k)
∂δl
= 0 . (17)
For the response to φl, we consider that the effect is due to the initial conditions, i.e. the primordial non-
Gaussianity, hence all linear power spectra respond identically. Following Ref. [10], the effect of φl can be
regarded as a change of σ8 locally, and at the leading order we have
∂Pxy(k)
∂φl
=
∂Pxy(k)
∂σ8
∂σ8
∂φl
= 4fNLPxy(k) , (18)
where (x, y) ∈ (δ, φ). Combining Eqs. (17)–(18) with Eq. (8), we have
∂Phh(k)
∂δl
∣∣∣∣ linear
power
spectra
= b210
[
47
21
−
1
3
d lnPδδ
d ln k
]
Pδδ(k) + b10b01
[
47
21
−
1
3
d lnPδδ
d ln k
]
Pδφ(k) , (19)
∂Phh(k)
∂φl
∣∣∣∣ linear
power
spectra
= 4fNLPhh(k) . (20)
The final way is through the reference halo number density. As the halo power spectrum is computed
referencing to the mean halo number density, in the presence of long-wavelength fluctuations the mean halo
number density measured by the global observer is a factor of (1 + b10δl + b01φl) with respect to that measured
by the local observer, and the halo power spectrum would be rescaled by a factor of (1 + b10δl + b01φl)
2. At
the leading order, the halo power spectrum responds as
∂Phh(k)
∂δl
∣∣∣∣
reference
density
= 2b10Phh(k) ,
∂Phh(k)
∂φl
∣∣∣∣
reference
density
= 2b01Phh(k) . (21)
Combining the three effects, the leading-order responses of halo power spectrum to δl and φl are
∂Phh(k)
∂δl
= 2b10b20Pδδ(k) + b
2
10
[
47
21
−
1
3
d lnPδδ
d ln k
]
Pδδ(k) + 2b10b11Pδφ(k)
+ 2b01b20Pδφ(k) + b10b01
[
47
21
−
1
3
d lnPδδ
d ln k
]
Pδφ(k) + 2b01b11Pφφ(k) , (22)
∂Phh(k)
∂φl
= 2b10b11Pδδ(k) + 2b01b11Pδφ(k) + 2b10b02Pδφ(k) + 2b01b02Pφφ(k)
+ 4fNLb
2
10Pδδ(k) + 4fNLb
2
01Pφφ(k) + 8fNLb10b01Pδφ(k) . (23)
Eqs (22)–(23) are the main results of this section. We find that they agree precisely with Eqs. (10)–(11),
demonstrating that the halo squeezed-limit bispectrum can indeed be derived from considering how halo
power spectrum responds to the long-wavelength fluctuations.
5IV. DISCUSSION
Using the SPT framework and the local Eulerian bias model, we show the consistency between the halo
squeezed-limit bispectrum and the responses of the halo power spectrum to large-scale density and potential
fluctuations. Interestingly, for the perturbation theory one needs the second-order computation to obtain the
bispectrum, but for the response approach we only have to consider how the linear power spectrum responds
to large-scale fluctuations. Thus, it not only simplifies the computation but also provides a novel way of
understanding the physics of the squeezed-limit bispectrum.
In this paper, we have demonstrated the responses using the perturbative calculation, but the responses can
readily be measured from separate universe simulations to nonlinear scales. Specifically, in ΛCDM cosmology
the long-wavelength density fluctuation behaves as curvature in the local universe, and one can perform N -
body simulations in different density environments to study how the matter power spectrum [4, 13] and the
halo mass function [9, 14, 15] are affected. On the other hand, the local primordial non-Gaussianity changes
the amplitude of the local power spectrum, hence one can perform simulations with different σ8’s to study
the effect on the halo mass function [16, 17].
Combining with the separate universe simulations, the response approach is powerful for exploring the
observability as well as modeling the measurement of the squeezed-limit bispectrum, especially in the era of
blooming ongoing and upcoming surveys. Here, we discuss two possible applications:
• Construct a new model for the squeezed-limit bispectrum that works better in the nonlinear regime. It
has been shown in Ref. [5] that the responses computed using nonlinear matter power spectrum models
are in better agreement with the matter squeezed-limit bispectrum measured from simulations at z . 1,
compared to the second-order SPT. It can be extended to halos, including the response of the mass
function. Note, however, that since galaxies are measured in redshift space with a preferred direction
exists, the response of the large-scale tidal field [18–20] has to be taken into account.
• Predict the nonlinear squeezed-limit bispectrum formed by different observables that cannot be com-
puted by the perturbative approach, such as the cross-correlation between the large-scale quasar overden-
sity and the small-scale Lyman-α forest power spectrum [21]. This is helpful for studying the constraining
power on local primordial non-Gaussianity using the squeezed-limit bispectrum of cross-correlation.
Lastly, while we discuss the first-order response of the small-scale power spectrum, one can generalize the
calculation to the mth-order response of the n-point function. For example, the mth-order response of the
small-scale power spectrum is equivalent to the (m + 2)-point function with two small- and m large-scale
modes [22], whereas the first-order response of the small-scale n-point function is equivalent to the (n + 1)-
point function with n small- and one large-scale modes [23]. The response approach thus provides a novel
and powerful technique to study the higher-order statistics in the squeezed configurations for the large-scale
structure.
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Appendix A: Halo squeezed-limit bispectrum from the second-order standard perturbation theory
In this appendix we derive explicitly the halo squeezed-limit bispectrum with primordial non-Gaussianity
from the second-order SPT. Using Eq. (6) and the Wick’s theorem, we obtain the leading-order bispectrum
6(up to δnφm with n+m = 4) in the squeezed limit such that k1 ≈ k2 ≫ k3 as
lim
k3→0
Bhhh(k1,k2,k3) = B
sq
hhh(k1,k2,k3)
= b210b20[Pδδ(k1) + Pδδ(k2)]Pδδ(k3) + 2b
3
10[Pδδ(k1)F2(k1,k3) + Pδδ(k2)F2(k2,k3)]Pδδ(k3)
+ b210b11[Pδδ(k1) + Pδδ(k2)]Pδφ(k3) + b
2
10b11[Pδφ(k1) + Pδφ(k2)]Pδδ(k3)
+ b10b01b20[Pδφ(k1) + Pδφ(k2)]Pδδ(k3) + 2b
2
10b01[Pδφ(k1)F2(k1,k3) + Pδφ(k2)F2(k2,k3)]Pδδ(k3)
+ b10b01b11[Pφφ(k1) + Pφφ(k2)]Pδδ(k3) + b10b01b11[Pδφ(k1) + Pδφ(k2)]Pδφ(k3)
+ b10b01b20[Pδδ(k1) + Pδδ(k2)]Pδφ(k3) + 2b
2
10b01[Pδδ(k1)F2(k1,k3) + Pδδ(k2)F2(k2,k3)]Pδφ(k3)
+ b10b01b11[Pδδ(k1) + Pδδ(k2)]Pφφ(k3) + b10b01b11[Pδφ(k1) + Pδφ(k2)]Pδφ(k3)
+ b201b20[Pδφ(k1) + Pδφ(k2)]Pδφ(k3) + 2b10b
2
01[Pδφ(k1)F2(k1,k3) + Pδφ(k2)F2(k2,k3)]Pδφ(k3)
+ b201b11[Pδφ(k1) + Pδφ(k2)]Pφφ(k3) + b
2
01b11[Pφφ(k1) + Pφφ(k2)]Pδφ(k3)
+ b210b02[Pδφ(k1) + Pδφ(k2)]Pδφ(k3) + 2fNLb
2
10b01[Pδφ(k1) + Pδφ(k2)]Pδφ(k3)
+ 2fNLb
3
10[M(k2)Pδφ(k1) +M(k1)Pδφ(k2)]Pδφ(k3) + b10b01b02[Pφφ(k1) + Pφφ(k2)]Pδφ(k3)
+ 2fNLb10b
2
01[Pφφ(k1) + Pφφ(k2)]Pδφ(k3) + 2fNLb
2
10b01[M(k2)Pφφ(k1) +M(k1)Pφφ(k2)]Pδφ(k3)
+ b10b01b02[Pδφ(k1) + Pδφ(k2)]Pφφ(k3) + 2fNLb10b
2
01[Pδφ(k1) + Pδφ(k2)]Pφφ(k3)
+ 2fNLb
2
10b01[M(k2)Pδφ(k1) +M(k1)Pδφ(k2)]Pφφ(k3) + b
2
01b02[Pφφ(k1) + Pφφ(k2)]Pφφ(k3)
+ 2fNLb
3
01[Pφφ(k1) + Pφφ(k2)]Pφφ(k3) + 2fNLb10b
2
01[M(k2)Pφφ(k1) +M(k1)Pφφ(k2)]Pφφ(k3) , (A1)
where we assume that k3 is the long-wavelength mode and only contributes to the linear-order perturbation,
i.e. δh(k3) = b10δl(k3) + b01φl(k3). In the exact squeezed limit where k1 = k2 = k, the products of the linear
power spectra and the Poisson operator are
Pδδ(k) =M(k1)Pδφ(k2) =M(k2)Pδφ(k1) , Pδφ(k) =M(k1)Pφφ(k2) =M(k2)Pφφ(k1) . (A2)
Furthermore, taking the squeezed limit such that k3 = kL → 0 as well as angle-averaging the large-scale mode
k3, the combination of F2 and the small-scale power spectra at the leading order is given by (see e.g. Ref. [5])
2[Pxy(k1)F2(k1,k3) + Pxy(k2)F2(k2,k3)] =
[
47
21
−
1
3
d lnPδδ
d ln k
]
Pxy(k) , (A3)
7where (x, y) ∈ (δ, φ). Combining the above equations, we can simplify the halo squeezed-limit bispectrum
with primordial non-Gaussianity as
Bsqhhh(k1,k2,k3)
=
{
2b210b20Pδδ(k) + b
3
10
[
47
21
−
1
3
d lnPδδ
d ln k
]
Pδδ(k) + 2b
2
10b11Pδφ(k)
+ 2b10b01b20Pδφ(k) + b
2
10b01
[
47
21
−
1
3
d lnPδδ
d ln k
]
Pδφ(k) + 2b10b01b11Pφφ(k)
}
Pδδ(kL)
+
{
2b10b01b20Pδδ(k) + b
2
10b01
[
47
21
−
1
3
d lnPδδ
d ln k
]
Pδδ(k) + 2b10b01b11Pδφ(k) + 2b
2
01b20Pδφ(k)
+ b10b
2
01
[
47
21
−
1
3
d lnPδδ
d ln k
]
Pδφ(k) + 2b
2
01b11Pφφ(k) + 2b
2
10b11Pδδ(k) + 2b10b01b11Pδφ(k) + 2b
2
10b02Pδφ(k)
+ 2b10b01b02Pφφ(k) + 4fNLb
3
10Pδδ(k) + 4fNLb10b
2
01Pφφ(k) + 8fNLb
2
10b01Pδφ(k)
}
Pδφ(kL)
+
{
2b10b01b11Pδδ(k) + 2b
2
01b11Pδφ(k) + 2b10b01b02Pδφ(k) + 2b
2
01b02Pφφ(k)
+ 4fNLb
2
10b01Pδδ(k) + 4fNLb
3
01Pφφ(k) + 8fNLb10b
2
01Pδφ(k)
}
Pφφ(kL) . (A4)
In order to better compare with the linear halo power spectrum response, it is useful to rewrite Eq. (A4) as
Bsqhhh(k1,k2,k3) = b10fδ(k)Pδδ(kL) + b01fφ(k)Pφφ(kL) + [b01fδ(k) + b10fφ(k)]Pδφ(kL) , (A5)
where
fδ(k) = 2b10b20Pδδ(k) + b
2
10
[
47
21
−
1
3
d lnPδδ
d ln k
]
Pδδ(k) + 2b10b11Pδφ(k)
+ 2b01b20Pδφ(k) + b10b01
[
47
21
−
1
3
d lnPδδ
d ln k
]
Pδφ(k) + 2b01b11Pφφ(k) , (A6)
fφ(k) = 2b10b11Pδδ(k) + 2b01b11Pδφ(k) + 2b10b02Pδφ(k) + 2b01b02Pφφ(k)
+ 4fNLb
2
10Pδδ(k) + 4fNLb
2
01Pφφ(k) + 8fNLb10b01Pδφ(k) . (A7)
[1] M. Alvarez et al. (2014), 1412.4671.
[2] F. Bernardeau, S. Colombi, E. Gaztanaga, and R. Scoccimarro, Phys. Rept. 367, 1 (2002), astro-ph/0112551.
[3] R. A. Porto, Phys. Rept. 633, 1 (2016), 1601.04914.
[4] Y. Li, W. Hu, and M. Takada, Phys. Rev. D89, 083519 (2014), 1401.0385.
[5] C.-T. Chiang, C. Wagner, F. Schmidt, and E. Komatsu, JCAP 1405, 048 (2014), 1403.3411.
[6] V. Desjacques, D. Jeong, and F. Schmidt (2016), 1611.09787.
[7] T. Giannantonio and C. Porciani, Phys. Rev. D81, 063530 (2010), 0911.0017.
[8] T. Baldauf, U. Seljak, and L. Senatore, JCAP 1104, 006 (2011), 1011.1513.
[9] T. Baldauf, U. Seljak, L. Senatore, and M. Zaldarriaga, JCAP 1609, 007 (2016), 1511.01465.
[10] A. Slosar, C. Hirata, U. Seljak, S. Ho, and N. Padmanabhan, JCAP 0808, 031 (2008), 0805.3580.
[11] P. McDonald, Phys. Rev. D78, 123519 (2008), 0806.1061.
[12] E. Komatsu and D. N. Spergel, Phys. Rev. D63, 063002 (2001), astro-ph/0005036.
8[13] C. Wagner, F. Schmidt, C.-T. Chiang, and E. Komatsu, Mon. Not. Roy. Astron. Soc. 448, L11 (2015), 1409.6294.
[14] T. Lazeyras, C. Wagner, T. Baldauf, and F. Schmidt, JCAP 1602, 018 (2016), 1511.01096.
[15] Y. Li, W. Hu, and M. Takada, Phys. Rev. D93, 063507 (2016), 1511.01454.
[16] K. M. Smith, S. Ferraro, and M. LoVerde, JCAP 1203, 032 (2012), 1106.0503.
[17] M. Biagetti, T. Lazeyras, T. Baldauf, V. Desjacques, and F. Schmidt (2016), 1611.04901.
[18] L. Dai, E. Pajer, and F. Schmidt, JCAP 1510, 059 (2015), 1504.00351.
[19] H. Y. Ip and F. Schmidt (2016), 1610.01059.
[20] K. Akitsu, M. Takada, and Y. Li (2016), 1611.04723.
[21] C.-T. Chiang, A. M. Cieplak, F. Schmidt, and A. Slosar (2017), 1701.03375.
[22] C. Wagner, F. Schmidt, C.-T. Chiang, and E. Komatsu, JCAP 1508, 042 (2015), 1503.03487.
[23] S. Adhikari, D. Jeong, and S. Shandera, Phys. Rev. D94, 083528 (2016), 1608.05139.
[24] Strictly speaking, φl is the Bardeen’s curvature perturbation instead of Newtonian potential due to the positive
sign in the Poisson operator. In this paper we loosely call φl as potential perturbation.
